We have designed highly efficient ternary blend solar cells based on a wide-bandgap crystalline polymer, poly(3-hexylthiophene) (P3HT), and a low-bandgap polymer, poly [(4,4'-bis(2ethylhexyl)dithieno[3,2-b:2'3'-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl] (PSBTBT), and a fullerene derivative (PCBM). By using highly crystalline P3HT, high fill factors were obtained even for ternary blend solar cells, suggesting efficient charge transport due to large P3HT crystalline domains. In such large crystalline domains, some P3HT excitons could not diffuse into the interface to PCBM but can be collected to PSBTBT domains by efficient energy transfer because of large spectral overlap between the P3HT fluorescence and the PSBTBT absorption. Consequently, all the P3HT excitons can contribute to the photocurrent generation at the P3HT/PCBM interface and/or PSBTBT domains mixed with PCBM in the ternary blends. As a result, P3HT/PSBTBT/PCBM ternary blend solar cells exhibit a power conversion efficiency of 5.6%, which is even higher than that of both individual binary devices of P3HT/PCBM and PSBTBT/PCBM. Scheme 1 Schematic illustration of exciton diffusion followed by energy transfer from P3HT to PSBTBT in P3HT-H/PSBTBT/PCBM ternary blends which consists of P3HT crystalline phase (left), P3HT amorphous phase mixed with PCBM (upper middle), PSBTBT phase mixed with PCBM (bottom middle), and PCBM rich phase (right).
Introduction
Polymer solar cells based on binary blends of polymeric donor and fullerene acceptor materials have been extensively investigated in the past decade. [1] [2] [3] [4] [5] The power conversion efficiency (PCE) has been improved every year and very recently exceeded 10% by several groups. [6] [7] [8] [9] [10] However, it is still not high enough to compete with commercialized inorganic solar cells. 6 One of the most important reasons is the spectral mismatch between an absorption band of the photoactive layer and the terrestrial solar radiation. 11 For example, poly(3hexylthiophene) (P3HT) exhibits a large absorption band in the visible region from 400 to 600 nm but no absorption band in the near-IR region. As a result, the PCE of polymer solar cells based on a blend of P3HT and a fullerene derivative (PCBM) is limited to less than 5%, even though the external quantum efficiency (EQE) is as high as 80%. 12, 13 Therefore, many more photons not only in the visible region but also in the near-IR region should be absorbed to improve the efficiency furthermore. Ternary blend solar cells have been proposed as a simple and versatile alternative approach to extending the light-harvesting range up to the near-IR region. [14] [15] [16] [17] [18] More specifically, ternary blend solar cells are classified into two types. One is dyesensitized polymer/fullerene solar cells, which are incorporated with dye molecules with complementary absorption bands. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] The other is ternary blends based on an acceptor fullerene and two donor polymers with complementary absorption bands. For dye-sensitized ternary blend polymer solar cells, the device performance is higher than that of the original binary solar cells because of the additional dye absorption and the improved exciton harvesting. For two-donor ternary blend polymer solar cells, the device performance is higher than that of the original binary solar cells with a wide-bandgap polymer. In most cases, however, it is still comparable to or lower than that of the original binary solar cells with a low-bandgap polymer after appropriate optimizations, 38, 40, 41, [43] [44] [45] 51, [54] [55] [56] [57] [58] suggesting that there are some limitations for this ternary solar cell. This is partly because the light absorption is enhanced in the near-IR region but reduced in the visible region with increasing fraction of the low-bandgap polymer and partly because a fill factor (FF) is degraded with increasing fraction of the low-bandgap polymer. 38, 40, 43, 44, 51, 59 Herein, we have fabricated ternary blend solar cells based on wide-and low-bandgap polymers and PCBM. To overcome the limitations mentioned above, we have employed highly crystalline P3HT as a wide-bandgap polymer and poly[(4,4'bis(2-ethylhexyl)dithieno[3,2-b:2'3'-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl] (PSBTBT) as a low-bandgap polymer, which have complementary absorption bands in the visible and in the near-IR region, respectively. Highly crystalline P3HT is likely to form large crystalline domains, which would improve charge transport even in ternary blends. The complementary absorption bands can extend the light-harvesting range from visible to near-IR region and also give large spectral overlap between the P3HT fluorescence and the PSBTBT absorption, which would improve exciton harvesting by efficient energy transfer from P3HT to PSBTBT even in large P3HT crystalline domains. On the basis of these strategies, high shortcircuit current density (JSC) and high FF were obtained at the same time, resulting in an improved PCE of 5.6%, which is even higher than that of both individual binary solar cells based on P3HT/PCBM and PSBTBT/PCBM reported so far. 54, 55, 60 In order to discuss how P3HT crystallization impacts on the photovoltaic performance of ternary blend solar cells, we have employed two different P3HT with a regioregularity of >98% (P3HT-H) and 85% (P3HT-L).
Experimental

Device fabrication
All devices were fabricated as follows: Indium-tin-oxide (ITO, 10 Ω per square) coated glass substrates were cleaned by ultrasonication in toluene, acetone, and ethanol for 15 min, dried with N2, and then cleaned with a UV-O3 cleaner for 30 min. A hole-transporting layer of poly (3,4-ethylenedioxythiophene) with poly(4-styrenesulfonate) (PEDOT:PSS, Celvios PH500) was spin-coated onto the cleaned substrates, and then dried at 140 o C for 10 min in air. Subsequently, the active layer was fabricated from a dichlorobenzene solution of P3HT (Plextronics, OS2000), PSBTBT (Solarmer Materials Inc.), and PCBM (Frontier Carbon, E100H) with different compositions. The solution was prepared with a blend ratio of P3HT : PSBTBT : PCBM = 10 -x : x :10 mg mL −1 (0 ≤ x ≤ 10). For P3HT-H, the active layer was sipncoated at a spin rate of 600 rpm for 60 s and left in a Petri dish with a cover plate to evaporate the solvent slowly. Finally, a metal electrode of calcium (20 nm) and aluminium (100 nm) was thermally deposited in a vacuum (2.5 ×10 −4 Pa) sequentially. For P3HT-L, the device was thermally annealed 140 o C for 5 min in a glove box (O2 <10 ppm, H2O <10 ppm).
Measurements
The J-V characteristics were measured in an N2 atmosphere with a direct-current voltage/current source monitor (Advantest, R6243) in the dark and under illumination with AM1.5G simulated solar light at 100 mW cm −2 . The light intensity was corrected with a calibrated silicon photodiode reference cell (Bunkoh-Keiki, BS-520). The active area of the device was 0.07 cm 2 . Absorption and PL spectra were measured with a spectrophotometer (Hitachi, U-3500) and a spectrofluorometer (Horiba Jobin Yvon, NanoLog) equipped with a calibrated imaging detector (Horiba Jobin Yvon, iHR320), respectively.
Results
Absorption spectra Fig. 2 shows the absorption spectra of P3HT/PSBTBT/PCBM ternary blends with different blend compositions. As shown in the figure, two distinct absorption bands were observed at around 400-600 nm and 650-800 nm, which are ascribable to P3HT and PSBTBT, respectively. Because of complementary absorption bands, the ternary blends exhibit broad absorption bands ranging Wavelength /nm 0 50 100 from 400 to 800 nm, which are desirable for the wide-band light harvesting in polymer solar cells. With increasing fraction of PSBTBT from 0 to 50 wt%, the PSBTBT absorption from 650 to 800 nm increased while the P3HT absorption from 400 to 600 nm decreased. For P3HT neat films, vibronic absorption bands were clearly observed at around 600 nm, which are ascribed to P3HT crystallization. On the basis of weakly interacting Haggregated model, [61] [62] [63] [64] the P3HT crystallinity is evaluated to be 50% for P3HT-L and 65% for P3HT-H. We note that these spectral changes can be reproduced by the sum of absorption spectra of P3HT and PSBTBT neat films. In other words, the P3HT crystallinity remained the same independently of the blend ratios. For P3HT-L/PSBTBT/PCBM ternary blend films, as shown in Fig. 3a , the PL from P3HT-L was strongly quenched with almost 100% quenching efficiency. For P3HT-L/PSBTBT binary blend films, the PL from P3HT was strongly quenched and instead the PL from PSBTBT was clearly observed, suggesting efficient energy transfer from P3HT to PSBTBT. From the spectral overlap, the Förster radius from P3HT to PSBTBT was estimated to be 3.5 nm assuming point-dipoles, which is long enough for the efficient energy transfer. 65 The PL from P3HT was completely quenched not only for P3HT-L/PSBTBT/PCBM ternary blends but also for P3HT-L/PCBM binary blends. In other words, almost 100% P3HT excitons are efficiently quenched mainly by PCBM in the presence or absence of PSBTBT. This is probably because PCBM molecules are well mixed with P3HT-L and hence can quench P3HT excitons efficiently in blend films. On the other hand, for P3HT-H/PSBTBT binary blend films, the PL from P3HT was strongly quenched and instead the PL from PSBTBT was clearly observed, again suggesting efficient energy transfer from P3HT to PSBTBT. For P3HT-H/PCBM binary blends, as shown in Fig. 3b , the PL from P3HT was quenched but still observed with 20% efficiency, indicating that 20% of P3HT excitons are radiatively deactivated to the ground state before arriving at the donor/acceptor interface. For P3HT-H/PSBTBT/PCBM ternary blends, the PL from P3HT was completely quenched. This is probably because the 20% P3HT excitons that would be lost in the absence of PSBTBT are collected to PSBTBT domains by energy transfer and then quenched by PCBM. These findings indicate that the charge generation efficiency is dependent upon the crystallinity of P3HT in ternary blend films. A similar dependence has been reported previously for the same ternary blend solar cells. 44 In other words, the PCE of P3HT-L/PSBTBT/PCBM ternary blend solar cells is lower than that of PSBTBT/PCBM binary blend solar cells. For P3HT-H/PSBTBT/PCBM blends, as shown in Fig. 4b , JSC significantly increased from 8.6 to 15.8 mA cm −2 with increasing fraction of PSBTBT from 0 to 30 wt% and then decreased to 13.3 mA cm −2 at 50 wt% PSBTBT (PSBTBT/PCBM binary solar cell).
Photoluminescence (PL) quenching
J-V Characteristics
On the other hand, no distinct changes in VOC and FF were observed for all the blend compositions. Interestingly, the FF of ternary devices is even higher than that of the PSBTBT/PCBM binary reference device (0.57), suggesting that charge transport is better in ternary blends rather than in PSBTBT/PCBM binary blends. As a result, the best PCE of 5.6% was obtained for P3HT/PSBTBT/PCBM ternary blend solar cells (30 wt% PSBTBT). In other words, P3HT/PSBTBT/PCBM ternary blend solar cells exhibit higher PCE than either P3HT/PCBM or PSBTBT/PCBM binary blend solar cell. Fig. 6 shows the EQE spectra of P3HT/PSBTBT/PCBM ternary blend solar cells with different blend compositions. For P3HT-L/PSBTBT/PCBM blends, as shown in Fig. 6a , the EQE signals at around 750 nm increased monotonically up to >60% while the EQE signals at around 500 nm decreased monotonically from ~50 to ~25% with increasing fraction of PSBTBT. This is consistent with the spectral change shown in Fig. 2a . For P3HT-H/PSBTBT/PCBM blends, on the other hand, the EQE signals at around 750 nm increased monotonically up to ~60% with increasing fraction of PSBTBT. As shown in Fig. 6b , this increase is much steeper than that observed for P3HT-L/PSBTBT/PCBM blends. Interestingly, the EQE signals at around 500 nm also increased from ~60 up to ~70% at 30 wt% PSBTBT even though the P3HT absorption decreased as shown in Fig. 2b , and then decreased to ~40% at 50 wt% PSBTBT (no P3HT). This is probably because efficient energy transfer from P3HT to PSBTBT as we have shown recently. 65 Such energy transfer has been reported for dye-sensitized ternary blend polymer solar cells. 19, 30, 31, 66 These findings suggest that the charge generation and transport mechanisms are dependent upon the crystallinity of P3HT in ternary blends.
External quantum efficiency (EQE)
Discussion
In order to address the origin of the difference in the photovoltaic performance between P3HT-L/PSBTBT/PCBM and P3HT-H/PSBTBT/PCBM ternary solar cells, we focus on the dependence of each photovoltaic parameter on the blend compositions. As shown in Fig. 5 , remarkable differences were found in JSC and PCE while no distinct difference was seen in VOC. In particular, the composition dependence of PCE primarily follows that of JSC for both ternary solar cells. In other words, the difference in the photovoltaic performance is primarily due to the difference in the JSC. For P3HT-L/PSBTBT/PCBM, JSC remains almost the same up to 30 wt% PSBTBT and jumps up at 50 wt% PSBTBT, resulting in almost the same PCE (~2%) up to 40 wt% PSBTBT and jumps to the most improved PCE (~5%) at 50 wt% PSBTBT. For P3HT-H/PSBTBT/PCBM, on the other hand, JSC substantially increases up to 30 wt% PSBTBT and then slight decreases above 40 wt% PSBTBT, resulting the most improved PCE (5.6%) at 30 wt% PSBTBT, which is higher than that of either P3HT/PCBM or PSBTBT/PCBM binary blend solar cell. First, we focus on the slight difference in the absorption spectra as shown in Fig. 2 , which would cause the different dependence of JSC. Here, we estimate the maximum contribution of each donor material to the photocurrent by integrating the product of their corresponding absorption spectra in the ternary blend, the sum of which corresponds to the maximum photocurrent. With increasing fraction of PSBTBT, as shown in Fig. 7 , the increase in the photocurrent from PSBTBT exceeds the decrease in the photocurrent from P3HT, resulting in the increase in the maximum photocurrent up to more than 20 mA cm −2 for both ternary blend solar cells. Thus, the different dependence of JSC cannot be ascribed to the slight difference in the photon absorption efficiency. To discuss the different dependence of JSC in more details, we estimate the contribution of each donor material to the photocurrent by integrating the product of their corresponding EQE spectra. For P3HT-L/PSBTBT/PCBM, as shown in Fig. 8a , the increase in the photocurrent from PSBTBT cancels out the decrease in the photocurrent from P3HT with increasing fraction of PSBTBT in the ternary blends, resulting in the almost constant total photocurrent (JSC) up to 40 wt% PSBTBT. For P3HT-H/PSBTBT/PCBM, as shown in Fig. 8b , the photocurrent from PSBTBT increases more steeply and the photocurrent from P3HT decreases more gradually with increasing fraction of PSBTBT. As a result, the total photocurrent (JSC) shows the maximum at 30 wt% PSBTBT. As mentioned above, this improvement in JSC cannot be ascribed to the photon absorption efficiency but rather should be ascribed to the charge generation or charge collection efficiency. The enhanced photocurrent from P3HT in P3HT-H/PSBTBT/PCBM is partly ascribed to the improved charge generation due to energy transfer from P3HT to PSBTBT as described before, which can harvest P3HT excitons that would be lost in the absence of PSBTBT. On the other hand, the enhanced photocurrent from PSBTBT is most probably due to the improved charge collection in the presence of P3HT because FF remains as high as >0.6 up to 30 wt% PSBTBT as shown in Fig. 5 .
Finally, we propose the photovoltaic conversion mechanism in P3HT-H/PSBTBT/PCBM ternary solar cells as shown in Scheme 1. Because of the high crystallinity of P3HT-H, there are at least four phases in ternary blends: P3HT crystalline phase, P3HT amorphous phase mixed with PCBM, PSBTBT phase mixed with PCBM, and PCBM rich phase. Although PSBTBT is also a crystalline polymer, it is considered to be one phase because PSBTBT crystallites are so small that the exciton diffusion is negligible as reported previously. 67 Upon the photoexcitation of P3HT, P3HT excitons generated near the interface or in the amorphous domains are promptly converted to P3HT polarons and P3HT excitons generated in the large crystalline domains are collected to PSBTBT domains by energy transfer, which would be lost in the absence of PSBTBT. As reported previously, some P3HT polarons are transferred to more stable crystalline domains because of smaller ionization potential. 68 Upon the photoexcitation of PSBTBT, PSBTBT excitons are promptly converted to PSBTBT polarons, some of which would be transferred to more stable P3HT crystalline domains. Indeed, we have shown that PSBTBT polarons are transferred from disordered to crystalline domains in PSBTBT/PCBM blends. 67 In summary, the improved PCE is most probably because of the energy transfer from P3HT to PSBTBT and the efficient charge transport due to crystalline P3HT. In other words, crystalline wide-bandgap polymer and amorphous low-bandgap polymer would be suitable combination for ternary blend solar cells.
Conclusion
In summary, we demonstrated that the photovoltaic performance of P3HT/PSBTBT/PCBM ternary solar cells can be effectively improved by using highly crystalline P3HT. This is because highly crystalline P3HT forms large crystalline domains and hence would improve charge transport even in ternary blends. Even in such large P3HT crystalline domains, P3HT excitons are effectively collected by energy transfer to PSBTBT domains mixed with PCBM where charge carriers are efficiently generated. This is because of the large spectral overlap between the P3HT fluorescence and the PSBTBT absorption. As a result, JSC was improved to 15.8 mA cm −2 with a high fill factor of 0.61 at a weight ratio of P3HT : PSBTBT : PCBM = 20 : 30 : 50, and hence PCE reached 5.6%, which is even higher than that of both individual binary solar cells based on P3HT/PCBM and PSBTBT/PCBM reported so far. We believe that this finding is generally applicable to other ternary blend polymer solar cells. We propose that a wide-bandgap crystalline polymer and a lowbandgap amorphous polymer would be good combination for highly efficient ternary solar cells. Because of large spectral overlap between the wide-bandgap polymer fluorescence and the low-bandgap polymer absorption, excitons even in large crystalline domains of the wide-bandgap polymer are efficiently harvested by energy transfer to the low-bandgap polymer domains mixed with PCBM followed by prompt charge generation. Most of charge carriers are likely to be transferred to more stable crystalline domains of the wide-bandgap polymer where charge transport would be efficient.
